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Single-photon multiple ionization of neon in theK-edge region
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The ion charge state yields resulting from the photoionization of neon gas have been measured with time-
of-flight ion charge state spectroscopy for excitation energies inKiedge region. The decay of the
[1s]3p resonance excited state results in the formation ion charge statesNe#™, Ne**, and Né", with
a branching ratio of 0.65:0.32:0.030:0.002, whereas the final charge state for the decay of higher-order
[1s]np(n=4) and[1s]ep continuum excitations is mostly Ké. We have measurag] the mean charge from
photoionization, for excited states near tieedge as a function of photon energy. Postcollision interaction
effects are shown to be quite smaE1050-294®7)05802-2

PACS numbd(s): 32.80.Fb, 32.80.Rm

Monochromatic x-ray photoexcitation of closed-shell, structures of the nedrls]3p, [1s]4p resonance peaks and
monatomic, inert gasgsuch as negrprovides a method by the [1s]ep continuum excitations have been well docu-
which inner-shell effects and electron-electron interactionsnented by x-ray photoabsorption spectroscfpy7]. In the
may be studied. With sufficient photon excitation energy,case of 1s]np resonance excitations, the photoelectron may
inner-shell vacancies are produced by photoelectric excitape ejected by Auger shakeoff, or by autoionization of the
tion, and at photon energies several tens of eV above thes?|np or [2s2p]np decay states formed after the initial
mngr—shell absorption edge, an interaction between the e$<_|_l|_1 andK-L,L, 5 decays, the so-called “two-step” pro-
caping photoelectron and valence electrons may OCCUT, T&ass According to the recent result of Hayaishal.[8], the
sulting in a multiple-hole excited state. Electron-electron in- tates 2p2]np,n=4 may also have sufficient energy to au-
teractions may also occur during the decay of the inner—sheﬁOionize formi,ng a N&* final charge state. Aksett al. [9]
hole. For example, Auger shakeoff and Auger shakeup ma ve ot’)served Auger emission from t[ﬁes]?:p exc;ited

occur as a result of an interaction between an escaping Aug . . .
States of neon with high-resolution electron spectroscopy,

electron and a valence electron. The decay of these sing| X i
and multiple-hole excited states through a set of distinct pro@nd have emphasized the importance of the-3tp shakeup

cesses results in a distribution of final ion charge states tha@tellites that occur during Auger deexcitation of the
depends on the photon excitation energy and the photoe§1513p excited state. They have also shown that the role of
cited state. Monochromatic synchrotron radiation allows enthe np electron as a participator in the-shell Auger decay
ergy selective excitation of states, which is especially imporfrocess is quite small, and that th@ electron may be re-
tant near the absorption edge, and the high intensity of thegained by the ion as a spectator during the Auger decay. As
sources enables us to observe interactions that occur withe incident photon energies are increased through the neon
very low probability. NeorK-shell photoexcitation is of in- K-edge region, the fractional yields of the ion charge states
terest because only a limited number of decay paths are pogepend on whether the photoelectron is retained by the ion,
sible for this simple two-shell system, compared with high-shaken off, or involved in a two-step decay.
Z atoms. In fact, fof 1s]Jep £>0 excitations, each decay In this paper, we report the fractional yields of the neon
path is uniquely associated with one final ion charge statéon charge states produced by photoionization in the
The complications in the ion charge state spectra that occuf-edge region. The normalized total ion yield will be com-
for [1s]np and[1s]ep =0 excitations are the topic of this pared with existing photoabsorption spectra to determine the
paper. photoexcited states. F¢is]np resonance excitations, we
The photoionization ion charge state spectra of neon havghall determine the branching ratios for the final ion charge
been observed by Saito and Suzuki with time-of-fligh®F) states, and compare these ratios with existing experimental
ion charge state spectroscopy for photon energies from 4and theoretical values. Fdrls]ep continuum excitations,
eV to 1.4 keV, including low-energy resolution experimentswe shall characterize the postcollision interacti&Cl) ef-
(M AXN~200) in theK-edge regior{1-3]. Below the neon fects by determining the mean chargg,as a function of
K edge, valence electron photoionization produces mostiphoton energy above the edge.
singly charged Né&, with small fractional yields[3,4] of The X8A beam line at the Brookhaven National Synchro-
Ne?" (~14%) and Né&*(~1.0%).Above theK edge, Au- tron Light Source was used as a monochromatic photon
ger decay of th¢1s]ep excited state results primarily in the source in the 860—900 eV energy range for this experiment,
formation of Né* through normal Auger decay of thé and has been described previougly)]. Two beryl (10D)
hole, with smaller fractional yields of Né and Né* crystals with a 15.93 A @ spacing[7] in a parallel configu-
formed as the result of Auger shakeoff. At photon energiesation were used as the monochromator for this experiment.
just below the neonls]ep excitation threshold, the photo- The upstream beryl monochromator crystal, despite water
electron may be excited intpls]np Rydberg states. The cooling, was found to be susceptible to thermal damage from
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high-intensity white synchrotron light, especially at large deflect externally produced electrons away from the sample
Bragg angles. This problem was overcome by blocking thechamber, and successive upstream beam apertures effec-
intense, central portion of the beam with a vertically insertedtively eliminated photoelectrons produced by scattered pho-
water-cooled aperture upstream from the monochromatokons striking the TOF apparatus.
thereby utiIizing the less intense beam fringe. Unfortunately, The TOF spectra at each photon energy were recorded in
this resulted in a low count rate for this experiment. UV light 3 data file in the computer pc, and the TOF spectrum at
was prevented from reaching the interaction region by &,=g67.3 eV corresponding with thels]3p excitation is
10-um Mg filter. The K-edge of the Mg filter at 1303 eV ghown in Fig. 1. For each data file, the area under each ion
was also helpful for reducing second-order reflections fro”l:harge state peak was determined, and the fractional yields
the beryl monochromator crystals for photon energies in the, y,q jon charge states at each p,hoton energy were calcu-
neonK-edge region. . Jlated. A Monte Carlo simulation was performed to determine
A TOF ion charge state spectrometer, described PréVige necessary corrections for the slight variations in the col-
ously [10], of the Wiley-McLaren varietyf11] was used to lecti S . .
e%CtIOI’] efficiencies of the ion charge states due to the ion

obtain the ion charge state spectra. Neon gas was inject =4 oil velocities. This simulation bro | dt
into the interaction region perpendicular to both the x-ray v iues. This simulation program was a'so used to

beam and the TOF instrument axis of symmetry by an eﬁugetermine the corrections for overlap of .the iqn charge states
sive gas nozzle. Experiments were performed with the pholl the TOF spectrum caused by “late arrival” ions created in
ton electric field polarization vector both parallel and perpen{n€ interaction region during the time that the extraction field
dicular to the TOF axis of symmetry, but the effects on theWas turned on. The ion yield data was normalized using an
experimental results were negligible. The ambient sampl&-ray detectorXRD) at the end of the beamline to account
gas pressure in the sample chamber was maintained fr fluctuations in the x-ray beam intensity.

2.0x107® torr, after the system had been evacuated to a The experimental values for the Nend Né™ ion charge
base pressure in the low 19torr range. lons were extracted state yields and the total ion yield as a function of photon
from the interaction region by a pulsed electric field with aenergy are shown in Fig. 2. The total ion yield, as expected,
15-usec pulse repetition time and a 520-nsec pulse widthappears quite similar to the spectrum observed by high-
The leading edge of the electric field pulse also served as th@solution x-ray photoabsorption experimert-7]. The
timing start pulse for the TOF system. After being extractedNe" yield dominates at thp1s]3p resonance peak, and ex-
from the interaction region, the ions travel through a focus-hibits a smaller peak fofl1s]4p excitations, while the
ing acceleration region, a field-free drift region, and a postNe*" yield is dominant for photon energies at and above the
acceleration region before being detected by the microchar-1s]4p resonance peak, which concurs with the results of
nel plate detector. The ion signal pulse from the detectoHayaishiet al. [8]. The Né™ and Né* ionization states
generates a timing stop pulse for the TOF system. The iomere also observed in thi€-edge region, but these yields
charge states are thus separated according to their time wfere much smaller. The data were accumulated over five
flight, which scales as the square root of the ion mass-toseparate energy scans, and the photon energies for each scan
charge ratio. Due to our low counting rate, the probability forwere calibrated such that the excitation energy of the
observing two ions in a single pulse repetition interval wag 1s]3p peak matched the accepted value of 867.3[6Y
negligible, and no corrections were made. Precautions weré/e have neglected the slight variation in the XRD efficiency
taken to prevent electron impact ionization from contributingover the narrow photon energy range near the ri€adge.

to the N€& signal. Magnets were placed along the beamlineThe full width at half maximum(FWHM) for the [1s]3p
both upstream and downstream from the sample chamber &xcitation peak in our total ion yield data was found to be
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0.67+0.03 eV, while the natural line width of thigls]3p of the overlap in the excited states due to natural and instru-
absorption line has been given by Oliver and Krajilsd as  mental line broadening. Therefore, suitable functions must
0.24 eV. Because the natural line width is much less than thbe determined to approximate the absorption line shapes.
measured line width, we conclude that the photon energy Over a narrow energy range, tkeedge absorption spec-
distribution of our beamline monochromator was primarily trum for neon may be represented Byfunctions for the
responsible for the observed line width and structure. [1s]np resonance excitations and with a step function for

For a given excited state in the neRedge region, the the[1ls]ep continuum excitations, convoluted with the ap-
different decay pathways lead to a distribution of ion chargepropriate instrument and natural line broadening functions
states and an associated mean chargeor [ 1s]np excita- [10,13,14. We have used a least-squares fit to represent the
tions, the mean chargg,, depends heavily upon whether the total ion yield spectrum with the sum of four functions rep-
np electron is shaken off or otherwise removed during theresenting the[1s]3p, [1s]4p, [1s]5p resonance excita-
decay. Forf 1s]ep continuum excitations just above tie  tions, and 1s]ep continuum excitations. The representation
edge, wheree is the energy above threshold, the meanof the unresolvable Rydberg stateks|np (n=6), may be
charge@p is generally less tha@p inthee—o limitas the  simplified utilizing the recent analysis of Teodoressial.
result of the postcollision interaction effect, where a slow[15], where the continuum threshold energy is reduced to a
moving photoelectron is recaptured by the ion due to arower “apparent” threshold, and the unresolved, high-order
interaction with an escaping Auger electron. Determination(n=6) Rydberg states are treated as part of the continuum.
of themp and@p in the K-edge region is difficult because The values cited by Teodoreseai al. [15] for the energy
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separation of each of the resolvable Rydberg states and “apvhere g, =1.16 in units of e is the mean charge for
parent” edge have been used in our analysis. The least:-shell photoexcitatior{3,4], d,, is the mean charge for
squares approximation to the total ion yield data is shown ap1sinp Rydberg excitationsq—slp is the mean charge for
the solid line in Flg 3. The contributions due toshell continuum excitations at’, the energy above the “appar-
photoexcitation have been accounted for by extrapolation ont” threshold, ando, , onp(hv), and o/, represent the

the photoabsorption cross section data given by Marr anglhe proadened photoionization cross sections. The “appar-
West[16] above and below the nedtiedge. From this data, ent” continuum threshold lies 0.5 eV below the actual

we have estimated the ratio for theshell photoionization  11g]¢p threshold at 870.3 e¥6-15, i.e.,s’—£=0.5 eV. A
cross section to the-shell photoionization cross section 10 |gast-squares fit was performed to determine the parameters
be 14.5 just above th& edge. The variations in the 5= 4§ oo

s Q3p: Caps sp> andalp in Eqg. (1) so that the values for
L-shell cross section are very small over the energy rangﬁ—(ﬂv) in Eq. (1) match the experimental values. This proce-

shown in Fig. 3, and have been neglected. ~ dure has been described previously in greater deité]l The
The experimental mean ion charge from photoionization, 5 es forq,, determined from the least-squares fit are

q(hv), in theK-edge region can be represented by an aversphown in Fig. 4. The value fay,, for [1s]ep excitations in
age of theqy,, q.p, andq,, weighted by their associated he fimit e— (henceforth referred to ag) was found to
line broadened cross sectiofi0,17. This is given as be 2.03-0.03 in unitse. This value was determined from the

. ion charge state yields at a photon energy of 895 eV, which

_ _ o is below the K-L double photoexcitation threshold, but
QLUL'*‘nZS Anponpthy) + Jo Usrpoerp(hv)de’ above possibl& edge PCI effects. Fdrls]ep continuum
q(hy)= , excitations near th& edge, the mean charge is observed to
S o, be close to the value afx within experimental uncertainty,
n=K,L indicating that PCI effects are quite small. The values for

(1) qsp andagy, are given in Table |, along with the ion charge

TABLE I. Comparison of the fractional ion yields for thhids]3p and[1s]4p resonance excitations.

Excited state
[1s]3p [1s]4p

lon charge state This work  Hayaisttial.® Omar and Hah®  This work  Hayaishiet al.?

Ne* 0.65+0.02 0.64 0.598 0.240.03 0.22
Ne?* 0.32+0.02 0.33 0.401 0.7£0.04 0.73
Ned* 0.03+0.01 0.03 0.040.01 0.05
Ne*t (0.002 (0.002

q (units ofe) 1.37+0.03 1.39 1.400 1.780.05 1.83
%Referencd8]

bReferencd18].
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TABLE Il. Comparison of the fractional ion yields for tHds]ep continuum excitations in the limi—oo.

[1s]ep, e—

Experiment Theory
lon charge state This work Saito and Suzliki Hayaishiet al. b Kochuret al.© Omar and Hahf Amusiaet al. ©
Net 0.015+0.003 0.013 0.0158
Ne?t 0.935+0.004 0.939 0.980 0.9426
Ne3t 0.048+0.002 0.058 0.007 0.0390
Ne*t 0.003+0.001 0.003 0.0026
Nedt INe* 0.051+0.004 0.06 0.07 0.0414 0.042
8Referencd 1], corrected to exclude-shell ionization.
bReferencd8].
‘Referencd 20].
dReferencd 19].

®M. Ya. Amusia, I. S. lee, and V. A. Kilin, Phys. Rev. #6, 4576(1992.

state fractional yields for thels]3p, [1s]4p resonance ex- Our values for the branching ratios for the ion charge states
citation states and thgls]ep continuum state in the —o in Table Il are in good agreement with both the experimental
limit. Our experimental values for the ion charge state fracvalues of Saito and Suzuki] and the theoretical values of
tional yields following[ 1s]3p and[ 1s]4p excitations are in Omar and Hahri19]. The values for these branching ratios
good agreement with the recent results of Hayagstil.[8].  given by Kochuret al. [20] exclude shakeoff effects. Our
However, for[ 15]3p excitations, considerable disparity ex- €xperimental value for the fractional yield of the Neharge

ists between the experimental results for the ion charge stafg@® for[1s]ep excitations in thes—ce limit shown in

fractional yields and the theoretical values given by Omar‘l’able Il agrees closely with the value of 0.0159 given for the

and Hahr[18], which exclude shakeoff effects. [1s] fluorescence yield cited by Chen and Crasemidi
It has been demonstrated that thes?] state of neon In conclusion, we have observed the ion charge state

formed after thek-L,L, Auger decay of th&-hole vacancy spec;ra resulting from the _photoionizationlof neon gas as a
has insufficient energy to autoionize and form & Néinal function of photon energy in thi edge region. The photo-

charge statgl]. Therefore, each ion charge state formed foI-eXCited. states have been_ distinguished by a least squares fit
lowing decay of thd 1s]ep excitations in thes—o limit is of the line broadened excitation states nearkhedge to the

associated with a single decay path. Singly ionized Mas total ion yield data, We havga d(_atermined the value_s for t_he
are formed as the result #fa x-ray emission, and N& is mean charge from photoionization and the_brgnchlng ratios
formed following normalK-LL Auger decay. N& and for [1s]3p, [1s]4p, and[1s]ep, e—c excitations. Two .
Ne** are formed as the result of doublg<LLL) and triple eV above theK-edge, the mean charge was observed to dif-
(K-LLLL) Auger decay, respectively. The ratio of the frac- fer.f“’f_“ the asymptoic value by_ less than 0.02 unitsepf
tional yields of Né" to N&* for [1s]ep excitations in the indicating that PCI effects are quite small.

e— limit gives an indication of the probability for shake-

off to occur during Auger decay. A comparison of theoretical This material is based on work supported by the U.S.
and experimental values for the ratio of NéNe?* for  Department of Energy through Los Alamos National Labo-

[1s]ep excitations in thee—oo limit is given in Table 1. ratory.
[1] N. Saito and H. Suzuki, Phys. Se5, 253(1992. K. H. Tan, Phys. Rev. /A9, 3401(1989.
[2] N. Saito and H. Suzuki, Phys. Se&9, 80 (1994. [10] D. V. Morgan, R. J. Bartlett, and M. Sagurton, Phys. Rev. A
[3] N. Saito and H. Suzuki, Int. J. Mass Spectrom. lon Process. 51, 2939(1995.
115 157(1992. [11] W. C. Wiley and I. H. McClaren, Rev. Sci. Instrur#6, 1150
[4] R. J. Bartlett, P. J. Walsh, Z. X. He, Y. Chung, E.-M. Lee, and (1955.
J. A. R. Samson, Phys. Rev. 46, 5574(1992. [12] M. O. Krause and J. H. Oliver, J. Phys. Chem. Ref. D&ta
[5] R. J. Liefeld, Appl. Phys. Lett7, 276 (1965. 329(1979.
[6] F. Wuilleumier, J. Phys(Parig 32, C4 (1971 [13] M. Breinig, M. H. Chen, G. E. Ice, R. Parente, B. Crasemann,
[7] J. M. Esteva, B. Gauth®. Dhez, and R. C. Karnatak, J. Phys. and G. S. Brown, Phys. Rev. 22, 520 (1980.
B 16, L263(1983. [14] L. G. Parratt, Phys. Re\s6, 295 (1939.

[8] T. Hayaishi, E. Murakama, Y. Morioka, E. Shigemasa, A.
Yagishita, and F. Koike, J. Phys. B8, 1411(1995.
[9] H. Aksela, S. Aksela, J. Tullki, T. Aberg, G. M. Bancroft, and

[15] C. M. Teodorescu R. C. Karnatak, J. M. Esteva, A. El Afif, and
J.-P. Connerade, J. Phys. 28, 4019(1993.



1118 D. V. MORGAN, M. SAGURTON, AND R. J. BARTLETT 55

[16] G. V. Marr and J. B. West, At. Data Nucl. Data Tablk3 497 [19] G. Omar and Y. Hahn, Z. Phys. Bb, 31(1992.

(1976. [20] A. G. Kochur, V. L. Sukhorukov, A. |. Dudenko, and P. V.
[17] T. Tonuma, A. Yagishita, H. Shibata, T. Koizumi, T. Matsuo, Demekhin, J. Phys. B8, 387 (1995.

K. Shima, T. Mukoyama, and H. Tawara, J. Phys2® L31 [21] M. S. Chen and B. Crasemann, Phys. Rev.18 959

(1987). (1975.

[18] G. Omar and Y. Hahn, Phys. Rev. 48, 4695(199J.



